Purpose: We measured the volume of the endolymphatic space by extending a previously proposed less observer-dependent method of area quantification and compared volume measurements obtained using long (18 min, Image A) and short (8 min, Image B) scan times.
Introduction
Magnetic resonance (MR) imaging has been used to evaluate endolymphatic hydrops (EH) in patients with suspected Ménière's disease. [1] [2] [3] [4] Imaging of EH was initially attempted after intratympanic (IT) administration of gadolinium-based contrast material (GBCM), 3 and an imaging method utilizing intravenous (IV) administration of a double dose of GBCM was then developed to decrease invasiveness. 5, 6 More recently, an IV method has been utilized that requires only a single dose of GBCM. [7] [8] [9] [10] Multiplication of T 2 -weighted MR cisternography on HYDROPS (HYbriD of Reversed image Of Positive endolymph signal and native image of positive perilymph Signal) or HYDROPS2 (HYbriD of Reversed image Of MR cisternography and posi-tive Perilymph Signal by heavily T 2 -weighted 3D-FLAIR) images increased the contrast-to-noise ratio (CNR) more than 200-fold. 4, [11] [12] [13] A less observer-dependent method of area quantification was then proposed to image EH after IV-GBCM using HYDROPS-Mi2 (HYDROPS-Multiplied with heavily T 2 -weighted MR cisternography) and HYDROPS2-Mi2 (HYDROPS2-Multiplied with heavily T 2 -weighted MR cisternography). 4, 13 The high CNR obtained by HYDROPS-Mi2 and HYDROPS2-Mi2 enabled a dramatic reduction of scan time with similar results of area measurement to that obtained by the conventional protocol with lengthy scan time. 4, 13, 14 A grading scale for EH imaging was proposed 15 that employed a semi-quantitative evaluation of the area of endolymph in a single slice to grade the degree of EH. Most reported studies have utilized this evaluation of the area of endolymph. 4, 16, 17 The presentation of volumetric images of endolymphatic hydrops has been tried in imaging after IT administration of GBCM 18 and after IV-SD-GBCM, 8 but images were susceptible to subtle changes in the threshold setting. Quantitative measurement of the volume of endolymph by setting a signal intensity threshold has not been reported mainly because the CNR between peri-and endolymph is insufficient to set an appropriate threshold. 4 In this study, we measured the volume of the endolymphatic space by extending the previously proposed less observer-dependent method of area quantification and compared the measurements obtained using long (18 min) and short (8 min) scan times.
Materials and Methods

Patients
We evaluated 40 ears in 20 patients (5 men, 15 women; aged 41 to 80 years, median 64 years) who underwent MR examination between April 1 2013 through January 31 2014) to assess clinically suspected endolymphatic hydrops. Experienced otorhinolaryngologists determined the indication for MR examination. The differential diagnosis of Ménière's disease was based on the guidelines of the American Academy of Ophthalmology and Otolaryngology-Head and Neck Surgery (AAO-HNS). All patients with suspected EH except those with contraindication for MR or GBCM and those who refused MR examination underwent the MR evaluation of endolymphatic hydrops. A medical ethics committee approved this retrospective study with a waiver for informed consent.
MR imaging
All MR imaging was performed using a 3-tesla unit (Skyra, Siemens, Erlangen, Germany) with a 32-channel array head coil. MR scanning was performed 4 hours after single-dose IV administration (0.2 mL/kg body weight or 0.1 mmol/kg body weight) of gadoteridol (Gd-HP-DO3A; ProHance, Eisai, Tokyo, Japan) to evaluate the degree of endolymphatic hydrops. The estimated glomerular filtration rate (eGFR) of all patients exceeded 60 mL/ min/1.73 m 2 . According to the hospital's clinical protocol for the evaluation of endolymphatic hydrops, 4,13,14 patients underwent heavily T 2 -weighted (hT 2 W) MR cisternography (MRC) for anatomical reference of total lymph fluid and hT 2 W 3-dimensional (3D) fluid-attenuated inversion recovery (FLAIR) with a 2250-ms inversion time (positive perilymph image, PPI) 4 hours after receiving IV-SD-GBCM. We set parameters as previously reported 4, 13, 14 and obtained a PPI (15 min), MRC (3 min), and a PPI with fewer excitations (PPI short, 5 min). We obtained the PPI short as a back-up for the full PPI (15 min), which might be susceptible to patient motion from the lengthy scan time.
Table details the scan parameters.
Image processing
We generated 2 kinds of HYDROPS2-Mi2 images-Image A (total scan time, 18 min), (PPI ¹ 0.04 © MRC) © MRC and Image B (total scan time, 8 min), (PPI short ¹ 0.04 © MRC) © MRC.
Multiplication by the MRC was used to boost the contrast-to-noise ratio between the endo-and perilymph while suppressing and stabilizing the background signal of bone and air. 11 We employed a constant value of 0.04 according to a recent study 14 and generated HYDROPS2 images on the scanner console. We allowed negative signal values for the subtraction and applied no image registration program during this step.
We then transferred MR images to a Mac Book Pro personal computer (Apple Computer, Inc., Cupertino, CA, USA) with a free DICOM viewer (OsiriX image software, ver. 5.8 32 bit; downloadable at http://www.osirix-viewer.com/index.html), which allowed easy pixel-by-pixel multiplication between the image series.
Volume measurement
We estimated voxels with a negative value as endolymph. In 40 ears, we measured the percentage of the volume of endolymphatic space in the total lymphatic space (%EL) for the cochlea and vestibule semi-quantitatively on Images A and B ac-cording to the previously reported thresholdbased method. 13, 14 Two radiological technologists (with 9 and 12 years' experience in MR imaging) contoured the 2 ROIs around the cochlea and vestibule on MRC slices according to the instructions described below and example images (Fig. 1) . Seven to 9 slices were contoured for the cochlea and 5 to 7 slices for the vestibule.
A neuroradiologist with 26 years' experience in MR imaging prepared the instructions and example images for contouring. The instructions below are a modification of those used for the area measurement. 14 1. Before starting to contour the cochlea or vestibule on the MRC, set the image window level to 400 and the width to 1000. 2. On the MRC, the cochlear ROI should exclude the area in which the signal intensity is lower than half of fluid-filled voxels as a result of the effect of partial volume averaging. The ROI should also exclude the cochlear modiolus, but it is not necessary to exclude the thin osseous spiral lamina. Where the basal turn connects with the vestibule, the border of the ROI should be drawn at the posterior edge of the osseous spiral lamina. 3. On the MRC, the vestibular ROI should exclude the semicircular canals and ampullas.
Where the basal turn of the cochlea connects with the vestibule, the border of the ROI should be drawn at the posterior edge of the osseous spiral lamina. The 2 observers reviewed example images when drawing the ROIs. The ROIs drawn on the MRC were copied and pasted onto Images A and B. We used the histogram function of OsiriX to count the number of all voxels within the ROI and the number of voxels with a negative signal intensity value (i.e., endolymph) within the ROI.
The ratio of the volume (%) of endolymphatic space in the entire lymphatic space (%EL) was defined as: %EL = (sum of the number of negative voxels for the endolymph in the ROI of all slices divided by the total number of voxels in the ROIs of all slices) © 100.
Statistical analysis
We used Pearson's correlation coefficient to evaluate the correlation between volume ratios from the 2 pairs of processed images and assess the correlation between the volume ratios by the 2 observers. We employed the York method to calculate a linear regression line.
Results Figure 2 shows the relationship between the volume ratios from Images A and B. We observed a strong linear correlation in the cochlea. The Pearson's correlation coefficient (r) was 0.928 for Observer 1 and 0.926 for Observer 2 (P < 0.001, for all), and the estimated slope coefficient and intercept (« standard error) of the linear regression line were 1.002 « 0.062 and 1.957 « 1.490 for Observer 1 and 1.012 « 0.064 and 1.909 « 1.467 for Observer 2. We also observed a strong linear correlation in the vestibule. The Pearson correlation coefficient (r) was 0.962 for Observer 1 and 0.968 for Observer 2 (P < 0.001, for all); and the estimated slope coefficient and intercept (« standard error) of the linear regression line were 0.950 « 0.043 and 0.792 « 1.334 for Observer 1 and 0.963 « 0.040 and 0.393 « 1.303 for Observer 2. 
Discussion
In the present study, we observed a strong linear correlation of the ratio of endolymphatic volume between Images A and B of both the cochlea and the vestibule by multiple observers. This result may indicate the feasibility of replacing the 18-with the 8-min scan to measure the volume ratio of endolymphatic space, The CNR compensation by multiplication of the HYDROPS2 images with the MRC might have allowed the accurate volume measurement even with noisy images obtained in shorter scan time. 13 A recent study showed strong correlation of area measurements by HYDROPS2-Mi2 utilizing 17-min (4 excitations for PPI) and 10-min (2 excitations for PPI short) scan times.
14 In the present study, we further reduced the number of excitations to 1.4, reducing the scan time for PPI short to 5 min (scan time for HYDROPS2-Mi2, 8 min). Even with this further reduction in scan time, the results of volume measurement showed a strong correlation with those from the longer scan time of 18 min. Reduction of scan time to 8 min would further support the clinical feasibility of MR imaging of EH.
Our study has several limitations. It is retrospective, and so there may be some bias in patient selection. In addition, we did not randomize the order of scan acquisition from MRC, PPI, and PPI short. The time interval between MRC was always shorter for PPI than PPI short, which may have created a difference in subtraction errors in Images A and B due to misregistration between scans. Use of an automatic rigid body registration program might help reduce subtraction errors. Further, though the correlation between Images A and B is strong, we do not know which value is more accurate because there is no gold standard for measuring endolymphatic volume. Finally, although the ROI setting on the MRC for volume measurement is faster compared to the contouring of each endolymphatic space and total lymph space on HYDROPS2 images, it still requires approximately 15 min per patient. This might be a problem for a wide clinical application of volume quantification. An automatic bias-free segmentation method should be developed in the future. 4 
Conclusions
Use of an MR imaging protocol with a reduced scan time of 8 min might be feasible to measure endolymphatic volume after IV-SD-GBCM and thereby promote further application of EH imaging in the clinical setting. der from the Ministry of Health, Labor, and Welfare of Japan to S.N.
